mutations in S. cerevisiae do not interfere with mitotic
entry, but rather, give rise to a mitotic arrest (Nigg, 1998 Figure  1D ). This suggests that checkpoint activation in Plk1-the requirement for Plk1 to promote mitotic entry differs between various cell types.
depleted cells occurs at some point late in G2.
What exactly triggers checkpoint activation in these Here we show that Plk1 is not an essential kinase for mitotic entry during an unperturbed cell division.
cells is unclear, but we do find that chromosome condensation is abnormal in cells lacking Plk1 (see SupHowever, following genotoxic stress cells become critically dependent on Plk1 for entry into mitosis. Thus, the plemental Figure entry (data not shown). This suggests that inhibition of that allows stable expression of small interfering RNA mitotic entry in the cells depleted of Plk1 is an indirect (siRNA). Our targeting construct was able to very efficonsequence of incorrect chromosome condensation ciently reduce Plk1 expression in U2OS cells ( Figure 1A) . that can cause an ATR-dependent checkpoint arrest. In order to prevent any indirect cell cycle defects by Plk1 knockdown, cells were synchronized at the G1/S transition directly after transfection. Cells were mainRecovery from a G2 DNA Damage Arrest in Mammalian Cells Requires Plk1 tained in a thymidine block for 24 hr, after which they were released and followed as they progressed through Yeast cells can escape a DNA damage-induced arrest and enter mitosis if the damage remains unrepaired for the cell cycle. To measure mitotic entry we analyzed cell cycle progression in the presence of the microtubulevery long periods of time, a process termed "adaptation." Interestingly, a screen for adaptation-defective stabilizing drug paclitaxel (taxol) to trap cells in mitosis. We found that substantially less mitotic cells accumumutants in S. cerevisiae identified the Polo-like kinase Cdc5 as a gene essential for this "restart" of the cell lated over time in the cultures deficient for Plk1 compared to control cultures ( Figure 1B) , suggesting that cycle after a prolonged DNA damage-induced arrest (Toczyski et al., 1997). In mammalian cells such adaptamitotic entry is delayed following depletion of Plk1. Nonetheless, the first mitotic cells appeared with similar tion to DNA damage has not been described, but mammalian cells can recover from a DNA damage-induced kinetics in both cultures ( Figure 1B ), indicating that it is equally well possible that a fraction of the cells lacking arrest once the damage has been repaired. However, little is known about the mechanisms involved in the Plk1 enters mitosis with normal kinetics, while in another fraction mitotic entry is blocked. Obviously, such an subsequent restart of the cell cycle. Therefore, we wondered whether the requirement of Plk1 during mitotic outcome could be a consequence of a variable knockdown of Plk1 expression in the different cells in the entry could be restricted to such a recovery process. To test this, we designed an experimental set-up to transfected population, an outcome not uncommon with RNAi approaches. Alternatively, the failure to enter mitoexamine if a cell cycle restart following a DNA damageinduced G2 arrest in mammalian cells would be depensis in a fraction of Plk1-depleted cells could arise as a consequence of checkpoint activation. To test this dent on the function of Plk1. For this purpose, U2OS cells released from a thymidine block were treated with possibility, we analyzed mitotic entry in Plk1-depleted cells that were prevented from executing a checkpointdoxorubicin at 6 hr after release, a time at which the great majority of the cells had completed S-phase (Supmediated arrest by the addition of caffeine. Strikingly, mitotic entry of Plk1-depleted cells was fully restored plemental Figure S2A ). Using this approach we were able to obtain a highly synchronous population of cells to the kinetics observed in control cultures when caffeine was included during the release from a thymidine arrested at the G2 DNA damage checkpoint by doxorubicin ( Figure 2A and Supplemental Figure S2A ). Subseblock ( Figure 1C ). This result allows two important conclusions. First, the partial inhibition of mitotic entry obquently, we mimicked checkpoint silencing by addition of the ATM/ATR checkpoint kinase inhibitor caffeine and served in Plk1-depleted cells ( Figure 1B ) cannot be a simple consequence of a variable knockdown of Plk1, allowed the cells to enter mitosis in the presence of paclitaxel. After 3 hr of caffeine treatment, and even as we find that all cells enter mitosis normally in the presence of caffeine. Second, the fraction of Plk1-more pronounced after 6 hr, a significant fraction of cells entered mitosis as judged from phospho-Histone H3 depleted cells that does not enter mitosis does so because of checkpoint activation. These observations are staining (Figure 2A) . The actual presence of DNA dam- Figure 2B ). Furthermore, ␥-Histone 2AX staining showed that caffeine treatment enabled and 3C). This result is dramatically different from the outcome described above, where mitotic entry of Plk1-cells to enter mitosis in the presence of damaged DNA. When cells recovering from a G2 arrest were examined depleted cells could be completely restored if caffeine was added at the early time points during the release in more detail, a gradual increase in cyclin B-associated kinase activity, a gradual loss of Tyr15-phosphorylatedfrom a thymidine block. However, it is important to note that the two experiments differ at one crucial point-that Cdk1, and the gradual appearance of the mitotic phospho-epitope MPM-2 were observed ( Figure 2C and data is, here we add caffeine long after the checkpoint-mediated arrest has been instated, while previously the cafnot shown). In addition, increasing levels of Plk1 kinase activity could be immunoprecipitated from these cells feine was added to prevent checkpoint activation. Indeed, adding caffeine at 15 hr after release from a ( Figure 2C ), while the expression levels of cyclin A and cyclin B were not affected during a DNA damage arrest thymidine block also dramatically reduced its capacity to restore normal mitotic entry ( Figure 1D ), indicating ( Figures 2C and 2D ). When we analyzed recovery after doxorubicin treatment, we found that Plk1-depleted that caffeine needs to be added before the checkpoint is activated. Thus, the important conclusion that can be cells will enter mitosis in the presence of significant amounts of DNA damage ( Figure 2B ). Thus, we wanted derived from these two experimental designs is that Plk1 becomes essential for mitotic entry only following to examine the fate of the damaged cells that are induced to enter mitosis by the addition of caffeine. We checkpoint activation. Consistent with such a unique role for Plk1, we found that Plk1-depleted cells failed found that these cells could exit mitosis and cell viability was not significantly affected during the first 2 days after to activate cyclin B-Cdk1 complexes when caffeine was added to induce recovery from a DNA damage-induced the caffeine-induced recovery (Supplemental Figure  S2B ). However, long-term viability of these cells was G2 arrest (Figure 3B ). Defective recovery is not due to the presence of paclitaxel in this assay, since we observed a severely affected, a likely consequence of the failure to repair the damage (Supplemental Figures S2B and S2C ). comparable block in mitotic entry when analyzed by time-lapse microscopy in the absence of paclitaxel (FigTherefore, we analyzed recovery in the absence of caffeine, to examine if a similar dependence for Plk1 would ure 3D).
While caffeine can promote a restart of the cell cycle, apply to a physiological recovery process. When treated with 0.25 g/ml doxorubicine for 1 hr, we observed gradhomolog Plx 1 (Qian et al., 1998 (Qian et al., , 2001 ). To test whether ual decrease of ␥-Histone 2AX foci over time, such that Plk1 is essential for phosphorylation of Cdc25C, we anathey were mostly absent at 2 days after treatment, indilyzed Cdc25C phosphorylation in Plk1-depleted mitotic cating that most of the damage is repaired within that cells, obtained by shake off. Whereas control-transperiod (Supplemental Figure S3A) . Completion of repair fected mitotic cells contained the slower-migrating hycoincides with a restart of the cell cycle, since a large perphosphorylated (active) form of Cdc25C, Plk1-depleted fraction of the cells had divided and reentered G1 at 2 mitotic cells did not contain any hyperphosphorylated days after the damage was inflicted ( Supplemental FigCdc25C (Figure 4D ). This shows that in the absence of ure S3B). Consistent with this observation, we found Plk1, U2OS cells enter mitosis with hypophosphorylated that approximately 40% of the cells passed through (inactive) Cdc25C, indicating that disruption of the posimitosis in the 2 days following the DNA damage pulse tive feedback loop does not interfere with mitotic entry. (Figure 3E) . Interestingly, cells depleted of Plk1 showed a markedly decreased capacity to enter mitosis ( Figure  3E ), demonstrating that Plk1 is also required during norRecovery from a G2 DNA Damage Arrest mal recovery of mammalian cells. To extend these obin Mammalian Cells Requires Cdc25B servations to normal, nontransformed human cells, we
To study whether Cdc25 family member(s) play a role investigated whether Plk1 depletion in human BJ-TERT during the recovery process, we analyzed the behavior fibroblasts would also inhibit recovery. Upon infection of all Cdc25 isoforms during recovery from a DNA damwith retroviral pRS-GFP-Plk1, we could induce a partial age-induced checkpoint arrest. As expected, Cdc25A reduction in Plk1 levels ( Figure 3F ). This reduction in levels were reduced in response to DNA damage (Figure Plk1 levels did not give rise to a significant inhibition of 5A). However, when cells were allowed to enter mitosis, mitotic entry in nondamaged cells, but recovery from a Cdc25A protein levels did not recover. In contrast to DNA damage-induced arrest was partially inhibited in what was seen for Cdc25A, protein levels of Cdc25B and the Plk1-depleted BJ cells, both in the presence as well Cdc25C remain constant throughout the DNA damageas in the absence of caffeine ( Figure 3G) . induced arrest and the recovery process ( Figure 5A ). In fact, a gradual rise in the amount of hyperphosphoryMitotic Entry after Depletion of Cdc25 lated (active) forms of both Cdc25C and Cdc25B were As all three Cdc25 phosphatases have been suggested observed when cells entered mitosis ( Figure 5A ). to play a role at the G2/M transition (Donzelli and Draetta, Next, we assessed to which extent Cdc25-depleted 2003) and Plk1 was reported to directly activate Cdc25C cells recover after DNA damage. Strikingly, whereas (Kumagai and Dunphy, 1996), we wished to investigate Cdc25A-or Cdc25C-depleted cells efficiently entered whether depletion of Cdc25 phosphatases would also mitosis after caffeine treatment, Cdc25B-depleted cells compromise mitotic entry. We were able to efficiently did not ( Figure 5B ). Therefore, it seems unlikely that silence expression of the different Cdc25 isoforms (FigCdc25A or Cdc25C play an important role in the cell ure 4A). When we analyzed mitotic entry after release cycle restart after cessation of a DNA damage response. from a thymidine block in the presence of paclitaxel, we Rather, recovery from a G2 checkpoint arrest appears observed a delay in mitotic entry of approximately 2 to be specifically mediated through Cdc25B. The reand 4.5 hr in cells deficient for Cdc25C or Cdc25B, quirement for Cdc25B during recovery is clearly different respectively, while Cdc25A depletion did not notably from the situation observed in an unperturbed cell cycle, affect mitotic entry under these conditions ( Figure 4B) . where mitotic entry is only partially dependent on This result was confirmed with two additional indepenCdc25B. Taken together, our data indicate that Plk1 and dent targeting vectors for Cdc25A (data not shown).
Cdc25B are dispensable for mitotic entry in undamaged Although no apparent G2 delay was observed, Cdc25A cells, but are required when cells need to "restart" from a knockdown did efficiently deplete Cdc25A protein levels G2 DNA damage arrest. In fact, when we overexpressed and showed a more than 3-fold reduction in colony num-HA-tagged Cdc25B in Plk1-depleted cells, these cells ber in a colony formation assay (data not shown), indicawere now able to recover from DNA damage and entered tive for a functional knockdown. The G2 delay observed mitosis after caffeine addition ( Figure 5C ). In contrast, in Cdc25B-or Cdc25C-depleted cells was also seen in expression of myc-tagged Cdc25C was not able to resthe absence of paclitaxel, since 16 hr after release a cue caffeine-induced recovery of Plk1-depleted cells large proportion of the transfected cells was still in G2, ( Figure 5C ). These data suggest that Cdc25B could act while most control cultures as well as Cdc25A-depleted at some point downstream of Plk1 in controlling this cell cells had already progressed to G1 at this point (Figure cycle restart. Therefore, we examined if the mobility shift 4C). Combined depletion of both Cdc25B and Cdc25C of Cdc25B is affected in cells lacking Plk1. We could resulted in a similar delay as observed in the single not observe any apparent differences when the different Cdc25B knockdown (data not shown), suggesting that phosphorylated forms of Cdc25B were compared in Cdc25A can act in a redundant fashion to mediate acticontrol and Plk1-depleted cells in which recovery was vation of Cdk1. These results are consistent with the induced by addition of caffeine ( Figure 5D ). Obviously, recent findings that all three Cdc25 isoforms can conmore subtle changes in Cdc25B phosphorylation may tribute to activation of Cdk1 (Mailand et 
Defective Checkpoint Recovery in Cells Lacking Plk1 that Tyr15 phosphorylation of Cdk1 is a key regulatory event controlling the cell cycle restart during recovery. or Cdc25B Is Rescued by Wee1 Depletion
The disappearance of phospho-Cdk1 and the gradual Therefore, we attempted to rescue the recovery defects after DNA damage by silencing expression of the Wee1 increase in cyclin B-associated kinase activity suggests kinase ( Figure 6A) . Notably, paclitaxel treatment of radation by MG132 completely blocked the ability of cells to recover (data not shown). But most importantly, Wee1-depleted cells resulted in lower mitotic indices when compared to control cells, probably due to the when we analyzed Wee1 protein levels in Plk1-depleted mitotic cells obtained by mitotic shake-off, we observed observed increase in cell death (data not shown). Wee1 does not seem to be instrumental for achieving a DNA significantly higher Wee1 levels as compared to control mitotic cells ( Figure 7C ). To test whether Plk1-mediated damage-induced arrest, since Wee1-depleted cells efficiently arrested in response to DNA damage ( Figure 6B) . phosphorylation of Wee1 is crucial for recovery from DNA damage, we expressed a nonphosphorylatable Furthermore, we observed that Wee1-depleted cells recovered normally from a DNA damage arrest ( Figure  (S53A) or a phospho-mimicking (S53D) Wee1 mutant ( Figures 7D and 7E) . Clearly, the phospho-mimicking 6B). Strikingly, when we depleted Wee1 in cells depleted of Plk1 or Cdc25B, we fully rescued the defective recovWee1 mutant exhibited normal recovery after DNA damage ( Figure 7D ). In sharp contrast, expression of the ery from a DNA damage-induced arrest ( Figure 6C) . Thus, in the absence of Wee1, a normal DNA damage nonphosphorylatable Wee1 mutant effectively blocked recovery to levels similar to what we observed in Plk1-response is achieved, but the recovery from a G2 arrest is no longer dependent on Plk1 or Cdc25B, indicating depleted cultures ( Figure 7D ). These results demonstrate that Plk1-depleted cells enter mitosis without that Plk1 could act upstream of Wee1 to promote recovery. Interestingly, others have shown recently that Plk1 (fully) degrading Wee1 and show that Plk1-mediated degradation of Wee1 is essential for recovery from a can promote degradation of Wee1 and that this involves direct phosphorylation of Wee1 by Plk1 on Ser53 (Wata-DNA damage-induced arrest. nabe et al., 2004). Therefore, we analyzed Wee1 levels in G2 versus mitotic cells. Whereas Wee1 protein levels Discussion are high in G2, Wee1 is degraded in mitotic cells ( Figure  7A ). More importantly, Wee1 protein levels drop off as
The data presented here show that in an unperturbed cell cycle, Plk1 is dispensable for the onset of mitosis. cells recover from a DNA damage-induced arrest ( Figure  7B) . Also, we could show that protein degradation is
In stark contrast, Plk1 appears to be absolutely essential for mitotic entry following recovery from a DNA damagerequired during recovery, since inhibition of protein deg- DNA damage.
Subsequently, cells were fixed in three 20 min fixation steps with methanol/acidic acid (3:1). To obtain chromosome spreads, cells Experimental Procedures were dropped on glass plates and DNA was stained with DAPI.
